I. INTRODUCTION

Atomic Force Microscopy (AFM)
1 is a widely used surface characterization technique that allows both imaging and measurement of tip-surface forces by monitoring the deflection of a flexible cantilever. In general, flexural bending of the cantilever allows the measurement of forces perpendicular to the sample surface, 2 and torsional bending (twist of the cantilever about its long axis) allows forces in the plane of the sample (such as friction) to be measured. 3 In the vast majority of instruments, cantilever deflection is measured by the optical lever technique. 4 This gives an output in volts; hence it is necessary to calibrate the measured cantilever deflection signal into units of force if quantitative data are required.
For flexural cantilever bending, this is usually achieved via a straightforward two-stage process. The deflection signal is calibrated into spatial units by performing an approach curve onto a non-compliant surface. The inverse gradient of the contact region of this curve gives the Inverse Optical Lever Sensitivity (InvOLS) in nanometres of tip displacement per volt of detector signal. The force constant of the cantilever may be calibrated by any one of a variety of methods, with the thermal noise, 5 Sader, 6 reference spring, 7 and added mass 8 methods being the most widely used. The deflection voltage may then be multiplied by the InvOLS and the force constant to calculate the force. In the torsional case, the situation is more complicated. Due to the size and geometry of the cantilever and tip, it is not straightforward to apply a well-defined lateral force or displacement at the tip apex. For this reason, a wide variety of a) Author to whom correspondence should be addressed. Electronic mail:
n.mullin@sheffield.ac.uk methods to calibrate lateral forces have emerged. These have recently been reviewed in Ref. 9 . The majority of these methods are ex situ, often require dedicated equipment, are frequently time consuming and typically require hard mechanical contact with a surface, leading to tip damage or contamination. While the torsional Sader method 10 provides a quick and simple means to determine the torque constant of the cantilever and requires only the plan-view dimensions, the resonant frequency and quality factor of the fundamental torsional mode, determination of the lateral InvOLS is problematic, and ex situ methods requiring special equipment are often used.
Recently, Wagner and co-workers 11 published a two-step method that allows the lateral InvOLS to be determined from the torsional thermal noise spectrum of the cantilever and the torsional torque constant, as measured by the torsional Sader method. This represents a significant advance, in that it allows in situ calibration of lateral forces using only a thermal noise spectrum and the dimensions of the cantilever, with no requirement for hard contact with the surface or special equipment. The thermal method was also found to give reasonable results in liquid, which has proved difficult for many other lateral calibration methods, and is usually accomplished by ex situ calibration in air combined with an analytically determined correction factor to account for the altered detection beam path in liquid. 12, 13 Comparison of the thermal method with the well-established wedge method 14 showed qualitative agreement with significant deviations. 11 By contrast, other lateral calibration methods have shown strong quantitative agreement when compared with established techniques. [15] [16] [17] In the work presented here, we experimentally validate the thermal method developed by Wagner et al. 11 by comparing it to the shape independent method developed by Anderson et al. 18 for a selection of rectangular cantilevers commonly used for lateral force experiments including Lateral Force Microscopy 3 (LFM), Torsional Resonance 19 (TR) mode, and lateral force modulation 20 techniques. We find good quantitative agreement between the two methods, as long as the cantilever geometry is suitable for calibration by the torsional Sader method, that in-plane bending of the cantilever is accounted for and that it is ensured that there is no scaling of the lateral signal between the channel used for thermal noise calibration and the lateral deflection signal recorded in the AFM software.
II. THEORY
The basis of all thermal noise calibration techniques 2 is the equipartition theorem. This states that, for an oscillator with one degree of freedom:
where k B is Boltzmann's constant, T is the absolute temperature in kelvin, k is the force constant in newtons per metre and x 2 is the mean-square displacement from equilibrium in metres. For the case of a point mass executing torsional oscillation, the equivalent expression is
where k ϕ is the torsional torque constant in newton-metres per radian and ϕ 2 is the mean-square angular displacement in radians.
The experimental observable in AFM is the deflection voltage calculated from the position of a laser beam, reflected from the upper surface of the cantilever, on a split photodiode. The displacement of the laser beam is proportional to the angle of the upper surface of the cantilever and the voltage is proportional to the displacement of the beam. Hence the torsion angle of the cantilever is related to the lateral deflection voltage by
where γ is the angular InvOLS in radians per volt and V is the lateral deflection voltage. Substituting Eq. (3) into Eq. (2) and rearranging for γ leads to
Hence if the mean-square lateral deflection voltage fluctuation due to Brownian motion of the cantilever can be measured, and the torsional torque constant is known, the angular InvOLS may be calculated. A similar approach has previously been used for calibration of the flexural InvOLS. 21, 22 To ensure that only voltage fluctuations due to the thermal motion of cantilever are recorded, it is common practice to Fourier transform the deflection voltage and fit the resulting resonant peak in frequency space. 5 The total observed Power Spectral Density (PSD) of the cantilever deflection signal is P(f), where
P white is the frequency independent background noise of the detection system and S(f) is the PSD of a damped harmonic oscillator driven by white noise, given by 6, 21, 23, 24 S (f ) = P DC f 4 0
Here, P DC is the PSD of the oscillator at DC, f is frequency in Hz, f 0 is the resonant frequency of the cantilever in Hz, and Q is the quality factor. Integrating Eq. (6) over all frequencies to give the total voltage noise power gives
Inserting Eq. (7) into Eq. (4) gives
for the angular InvOLS. To convert the angular InvOLS into spatial units, the displacement of the tip about the torsion axis is considered to follow an arc that subtends the torsion angle of the cantilever at a radius h. This gives
where γ tors is the InvOLS in units of metres of tip movement per volt of lateral deflection and h is the tip height, defined as the perpendicular distance of the tip apex from the torsion axis of the cantilever, which is assumed to lie halfway through its thickness.
III. EXPERIMENTAL METHOD
A. AFM and cantilevers
Below we describe the measurements carried out to obtain γ tors by both the thermal noise method 11 and the shape independent method. 18 These measurements were repeated for 8 different cantilevers, 4 made from single crystal silicon (All In One (AIO) probes, with aluminium back side coating, BudgetSensors, Bulgaria) and 4 made from silicon nitride with a gold back side coating (OMCL-RC800, Olympus, Japan also referred to as "ORC-8" by some suppliers). Cantilevers of each type are designated as A, B, C, and D, following the manufacturer's convention.
These cantilevers cover a range of resonant frequencies and force constants, including the typical values used for LFM, 3 lateral force modulation, 20 and TR-mode 19 AFM. All cantilevers used here have an approximately rectangular geometry, although the silicon cantilevers have bevelled edges and tapered free ends. The length, width, thickness, distance of the tip apex from the torsion axis and the set-back of the tip from the end of the cantilever beam were measured using a scanning electron microscope (Philips XL30 FEGSEM).
All measurements were carried out using a JPK NanoWizard R 3 Ultra AFM (JPK Instruments, Germany). Our instrument has been factory-modified to reduce detection noise in the lateral deflection channel and to allow collection of the lateral thermal noise spectrum up to frequencies of 3.75 MHz via a high-speed analog-to-digital converter already present in the system. For this experiment, low detection noise is not typically required due to the high Q of the torsional resonance and the low InvOLS value making the resonant peak easily detectable above the noise floor. However, the ability to record the torsional thermal noise in software considerably simplifies the experiment. While the lateral deflection signal may be accessed from hardware in many commercially available AFMs, it is often scaled relative to the software value of the lateral deflection collected during LFM scanning. 25 It must be emphasized that if this scaling factor is not either eliminated or explicitly corrected for in the calibration procedure, the thermal method will yield erroneous results.
B. Shape independent method
The shape independent method 18 of Anderson et al. works by scanning a sample which contains features at a variety of angles to the surface normal (glass pipettes were used in Ref. 18) . By assuming Amontons' Law for friction and resolving the forces acting on the cantilever, it is possible to calculate the lateral force applied at the tip from the normal load, adhesion, angle of repose of the cantilever, and the surface topography. The slope of a plot of calculated lateral force against the measured lateral deflection then gives the lateral calibration factor in newtons per volt.
The sample for the shape independent method was prepared by pulling quartz fibres (mean diameter 13 μm) from a woven sample (J. P. Stevens, USA) using tweezers. The fibres were cleaned in 37% hydrochloric acid (Sigma Aldrich, UK) and sonicated in de-ionized water (Sigma Aldrich, UK) five times. The fibres were dried in low vacuum at room temperature overnight. To immobilize the fibres, a thin film of Norland Optical Adhesive NOA81 (Norland Products Inc., USA) was spin coated onto a glass coverslip. A cleaned fibre was then placed onto the surface of the adhesive film before curing the adhesive using a UV light source. Capillary action caused the adhesive to wet the fibre and wick up around its edges, but the film was sufficiently thin that a portion of exposed quartz with a hemi-cylindrical profile remained exposed at the surface. Calibration scans were performed exclusively on the exposed quartz areas. A large area AFM image showing the fibre and the surrounding substrate is shown in Figure 1 .
Before scanning, care was taken to ensure that the cantilever long axis was parallel to the fibre long axis, and perpendicular to the fast scan axis of the AFM. The detection laser was positioned onto the free end of the cantilever, which was not necessarily the position of maximum photodiode sum signal. The instrument was shut into a home built vibration and acoustic isolation hood. No further adjustments to the position of the laser spot on the cantilever or the position of the photodetector were made after this point. The instrument was then allowed to settle while the vertical deflection of the cantilever was monitored. Once the drift in the vertical deflection had reached a value lower than 10% of the relative setpoint voltage over the time required to take a calibration scan, the cantilever under test was engaged onto the surface of the fibre and a 3 × 3 μm scan of 256 × 256 pixels was taken at a line rate of 1 Hz. A 10% "overscan" was used; excluding the "sticking" portion of the friction force loop, corresponding to the need to overcome static friction at the turnaround of the fast scan axis, from the measurement. The 3 × 3 μm scan on the 13 μm diameter fibres gave access to ±∼13
• of sample slope. A typical calibration scan, showing the height and lateral deflection signals, is shown in Figure 2 .
The deflection setpoint and values of the vertical deflection before engaging and immediately after retracting from the surface on completion of the scan were recorded. The raw, unmodified height (measured) (the Z-piezo capacitive sensor signal); vertical deflection (feedback error signal), and lateral deflection signal images were saved in both trace and retrace directions. Following image capture, approach curves were taken at 10 points along the fibre axis, and the mean value of the adhesion calculated. The sample was then moved so that an area of clean, flat glass slide was below the cantilever. The cantilever was engaged onto this area, a further 10 approach curves were recorded and the mean value of the flexural InvOLS calculated from these. All approach curves were acquired with closed loop scanning in the Z direction activated.
C. Thermal method
Immediately following the shape independent calibration, the cantilever was retracted 500 μm from the surface (to ensure that no long range forces, squeeze damping etc. were influencing the cantilever) and thermal noise spectra were recorded for both the vertical and lateral deflection channels. We found minimal crosstalk between the vertical and lateral channels, allowing straightforward identification of the first torsional mode. The sampling rate for the lateral channel was 60 MHz, decimated by a factor of 8 to give a sampling rate of 7.5 MHz and a Nyquist frequency of 3.75 MHz. The resonant frequencies of the first torsional modes of the cantilevers tested here were all significantly below the Nyquist frequency. Thermal noise was acquired in 100 ms non-overlapping blocks and each spectrum was averaged over one minute; hence each spectrum is the average of 600 individual PSDs. No windowing (i.e., a rectangular window) was used. It was verified for all cantilevers that the above parameters cause minimal spectral distortion due to finite sampling rate. 26 A typical lateral thermal noise spectrum for the first torsional mode of AIO cantilever B is shown in Figure 3 .
D. Calibration in water
When calibrating in water, a similar procedure to that described above was followed. The torsional Sader method requires the quality factor to be much greater than unity 10 and the Q of the cantilever is substantially reduced in liquid. We found that repeats of the torsional Sader method in air (Q ∼ 500) gave results that were repeatable to <1%. When the same cantilever was immersed in water (Q ∼ 8.5) the torsional Sader method consistently returned results approximately 10% larger than the value in air. In order to negate this effect, a thermal noise spectrum of the torsional mode of the cantilever was recorded in air and the torsional torque constant calculated from this. A drop of de-ionised water (Sigma Aldrich, UK) was then pipetted onto the cantilever and sample, the laser realigned and the shape-independent and thermal InvOLS calibration experiments (which do not require large Q for accuracy) were then performed as described above. Due to the difficulty in obtaining accurate results from conventional lateral calibration methods (including the shape-independent method) in liquid, only one cantilever (AIO cantilever B) was calibrated in water. The thermal noise spectrum used for calibration is shown in Figure 4 .
Despite the low Q of the cantilever (8.5) reducing the PSD of the thermal noise at resonance by over an order of magnitude, the peak is still easily visible above the noise floor. We found minimal difference between Lorentzian 24 and simple harmonic oscillator models for the PSD of the first torsional resonance in liquid.
IV. ANALYSIS
A. Thermal method
Thermal noise spectra for the first torsional mode of each cantilever were fitted to Eq. (5). The torsional torque constant was calculated using
where ρ is the density of air, assumed to be 1.18 kg/m 3 , w is the width of the cantilever, L is its length, Q and ω 0 are the quality factor and angular resonant frequency measured from the fitted thermal noise spectrum of the first torsional mode, and i is the imaginary part of the hydrodynamic function, calculated from Eq. (21) kg/m/s for the viscosity of air and evaluating the Reynolds number at the resonant frequency.
The torsional InvOLS in nanometres of movement at the tip per volt of detector signal was then calculated using Eq. (9) .
When calibrating flexural force constants 5 and InvOLS values 21 from thermal cantilever vibrations, it has been shown that a correction must be applied 22, 28 for the difference in mode shape between a freely vibrating cantilever and a statically deflected one. This is because the optical lever detection system measures the angle of the upper surface of the cantilever 4 as opposed to the position of the tip. In the case of pure torsion (the effect of in-plane bending is discussed in Sec. IV C), in the limit of small angles, the torsion angle (in radians) of the upper surface of the cantilever at the free end is given by the displacement of the tip divided by the tip height. This is true regardless of the cause of the tip displacement, or the geometry of the cantilever, as long as the tip may be assumed to be rigid and both the laser spot and the tip are at the free end of the cantilever. Under these assumptions correction for the difference in statically and dynamically deflected cantilevers is unnecessary. A similar conclusion was reached by Wagner et al., 11 and may also be reached by examining the mode shapes of cantilevers subjected to a static torque at their free end 29 and cantilevers free to oscillate torsionally. 30 In cases where the laser or tip is not at the end of the cantilever, a correction factor may be calculated from the tip setback, laser position, and respective mode-shapes. This was found to be insignificant for the cantilevers in this study, so was not used. Vibrations of higher torsional modes of the cantilever were also neglected, as at the frequency of the first mode, their contribution is removed by P white in Eq. (5).
The uncertainties for each measurement were calculated by summing the uncertainties of the constituent terms in quadrature. For the thermal method, these were assumed to be ±10% for k ϕ calculated by the torsional Sader method, the standard deviation of the fitting parameters f 0 , P dc , and Q over their fitted range (all <1% for all cantilevers) and ± 200 nm for the tip height as measured by SEM. These values typically lead to an uncertainty of 7%-9% on the thermally calculated InvOLS. This value is dominated by the uncertainty in the torsional torque constant.
B. Shape independent method
The inputs to the shape independent method 18 are the angle of repose of the cantilever, the flexural force constant, the necessary displacement of the tip in Z to reach the imaging setpoint, the adhesion between the tip and the sample surface and the height and lateral deflection images in trace and retrace directions. The angle of repose is 10
• for the instrument used here, as specified by the manufacturer, in good agreement with our own measurements. The flexural force constant was calibrated via the thermal noise method 5 as implemented in the JPK AFM control software, using the mean value of the flexural InvOLS measured from ten approach curves taken on a flat glass surface. The value of the flexural force constant was corrected for the tip set-back ( L) using
A correction factor of 0.817 was also applied. 28 The effect of the angle of repose on the normal load is inherent in the shape independent method, 18 so the force constant was not corrected for this. The effect of the finite size of the laser spot on the cantilever 31 was also neglected. The Z displacement was calculated from the mean flexural InvOLS and the relative deflection setpoint in volts. This was corrected for thermal drift by measuring the off-surface deflection immediately before and after the scan, and assuming a linear change in the free deflection voltage with time over this interval. The adhesion was measured from ten approach curves taken along the fibre axis. The recorded height (measured) and lateral deflection images were exported as text files with the height units in micrometers and the lateral deflection in volts using Gwyddion software. 32 These images were "raw" with no levelling, scaling, resampling, or filtering applied. The calculated values and image text files were then input into the software package developed by Anderson et al. 18 and the value of the coefficient of friction iteratively adjusted until the input and fitted values matched to the third significant figure. In some cases it was necessary to crop the images in the fast scan direction in order to remove turnaround effects. This was done using the "crop columns" function built into the shape independent software. After converging the trial and output values of the coefficient of friction, its value and the lateral calibration factor in newtons per volt were recorded. For the shape independent method, a ±10% uncertainty was assumed for k as measured by the thermal noise method, the uncertainty of the vertical InvOLS and adhesion were calculated from the standard deviation of the value measured from 10 approach curves and was typically between 0.4% and 3% and 11% and 18%, respectively. The uncertainty in the adhesion rose to 53% when calibrating in water, due to the much reduced adhesion under these conditions. 2 The uncertainty of the load voltage was calculated from the standard deviation of the vertical deflection (error) signal images acquired during the calibration scan and was typically 1% or less. The uncertainty in the angle of repose was assumed to be 2
• for silicon cantilevers and 5
• for silicon nitride cantilevers. The uncertainty on the sample angles θ and α (as defined in Ref. 18 ) were assumed to be 1
• , and the uncertainty in the coefficient of friction was taken to be the standard deviation of the fitting procedure in the calibration software, and was typically below 1%. Overall, an uncertainty between 19% and 27% was calculated for the lateral force sensitivity determined using the shape independent method in air and 55% in liquid. The dominant contribution to the uncertainty was the adhesion force in all cases.
C. Comparison of shape independent and thermal methods
The shape independent and thermal methods output different quantities -namely the lateral force sensitivity in units of newtons per volt and the lateral InvOLS in units of metres per volt, respectively. In order to convert the lateral force sensitivity into the lateral InvOLS, we divide by the effective lateral force constant, given by
where k tors is the torsional force constant in newtons per metre at the tip, which may be calculated from the torsional torque constant, k ϕ , in the limit of small torsion angles by
and k lat is the force constant for in-plane bending of the cantilever, given by
If the flexural force constant of the cantilever is known, it is also possible to calculate the lateral force constant using the relation:
to remove any dependence on the material properties of the cantilever. However, this relation is only valid for isotropic materials and introduces a large uncertainty from the squared dependence on the thickness of the cantilever. For this reason, all k lat values in this work were calculated using Eq. (14) . The use of the effective lateral force constant rather than k tors is necessary to account for in-plane bending of the cantilever when a DC lateral force is applied. 16, 33 It has been demonstrated that in plane bending of the cantilever may be neglected if the in-plane force constant, k lat , is much greater than the torsional force constant, k tors . 33 For the cantilevers considered here, k tors is between 0.06 and 1.6 k lat , so lateral bending is non-negligible in our experiment. Unfortunately, the calculation of k lat from Eq. (14) incurs significant uncertainty due to the linear dependence of this parameter on cantilever thickness. Assuming uncertainties of ±200 nm on the cantilever dimensions L, w, t, and h, and 10% for the torsional torque constant, k ϕ , a total uncertainty on k eff of approximately 15% for the silicon cantilevers and 30% for silicon nitride cantilevers is obtained. This is added in quadrature to the uncertainty on the lateral force sensitivity when calculating the lateral InvOLS. Conversely, it would be added to the uncertainty on the lateral InvOLS if calculating the lateral force from an LFM experiment where the thermal method had been used for lateral InvOLS calibration.
V. RESULTS AND DISCUSSION
A. InvOLS values derived from thermal and shape independent methods
The properties of each cantilever and the results of the individual calibration procedures are shown in Table I .
The InvOLS calculated from the thermal measurements is plotted against the InvOLS calculated by dividing the force sensitivity measured from the shape independent method by k eff in Figure 5 .
The thermal method returned values of the torsional InvOLS for all cantilevers. The shape independent method yielded measurable force sensitivity values for all cantilevers except for AIO cantilever A. Despite numerous repeats of the experiment with this cantilever it was not possible to converge the trial and output coefficients of friction by the shape independent method. A possible reason for this is that k lat is lower than k tors for this cantilever, which could lead to buckling.
All of the other cantilevers returned converging coefficients of friction with values between −0.4 and 0.7. We note that negative values of μ are unphysical. Similar results were obtained by Anderson et al. 18 and it was suggested that a non-uniform coefficient of friction may be the cause of the negative values of μ. Some inhomogeneity may be seen in the lateral force images collected in this work (e.g., Figure 2 (b)), supporting this conclusion. As highlighted in Ref. 18 , the coefficient of friction is a second order term and TABLE I. Comparison between the thermal and shape independent InvOLS measured for 8 different cantilevers in air and one in water. Cantilever dimensions were measured by SEM, the resonant frequency (f 0 ) and quality factor (Q) of the first torsional mode were measured from fits of the torsional thermal noise spectra, the torsional force constant, k tors , was calculated by the torsional Sader method (assuming the density and viscosity of air are 1.18 kg/m 3 and 1.86 × 10 −5 kg/m/s, respectively) and tip height, the lateral force constant, k lat , is calculated from the cantilever dimensions and material properties (Young's moduli of 170 GPa and 270 GPa were assumed for silicon and silicon nitride, respectively). plays a relatively minor role in the determination of the lateral force sensitivity, so these results were retained and used.
The plot in Figure 5 shows that there is good agreement for the torsional InvOLS value calculated from both methods for the majority of cantilevers tested, including the measurement in liquid. There are three outlying points (labelled "a," "b," and "h") in Figure 5 where the two methods return lateral InvOLS values that do not agree within the calculated uncertainty. These are discussed individually below.
Point "h" (red) corresponds to AIO cantilever D. This cantilever has an aspect ratio of 2.26:1, which is lower than the aspect ratio of 3 generally considered the lowest value for which the underlying assumptions of the Sader method allow accurate results. 6 As the InvOLS calculated from the thermal method depends on k ϕ −1/2 , while the shape independent InvOLS scales with k ϕ −1 , an error in the calculation of k ϕ will cause the two methods to disagree. In line with measurements of the flexural modes of cantilevers with low aspect ratios, 21, 34 the torsional torque constant is expected to be underestimated by the torsional Sader method. This would cause both methods to overestimate the InvOLS, but the thermal method to overestimate it to a greater extent. AIO cantilever D also departs significantly from the rectangular geometry ( Figure 6 ) inherently assumed in the torsional Sader method. The effect of the taper is to reduce the hydrodynamic load, 34 leading to the torsional torque constant being overestimated. This effect could mitigate, or even exceed the underestimation of k ϕ due to the low aspect ratio. The departure from rectangular geometry also affects the calculation of k lat . The actual width of the cantilever towards the free end is significantly smaller than the value used, causing Eq. (14) to overestimate k lat . This would lead to k eff being overestimated and the shape independent InvOLS being underestimated. In this case, we believe that a combination of underestimation of k ϕ due to the low aspect ratio and overestimation of k eff due to the taper lead to the observed disagreement between calibration methods.
Point "a" (blue) corresponds to OMCL-RC800 cantilever A. This cantilever has an aspect ratio of 2.38:1, again, lower than the value of 3 considered the lower limit for accuracy in the Sader method. This cantilever is almost ideally rectangular, so the dominant effect is underestimation of k ϕ , leading to overestimation of the lateral InvOLS by the thermal method. AIO cantilever D and OMCL-RC800 cantilever A also have the highest values of k eff in this study. It has previously been shown that deformation of the tip itself cannot necessarily be neglected if the overall lateral stiffness is high. 35 If tip bending is occurring during the shape independent measurement, this would cause k eff to be further overestimated, and the shape independent InvOLS to be underestimated, in line with the behaviour observed here.
Point "b" corresponds to OMCL-RC800 cantilever D. For this cantilever k lat < k tors , so the value of k eff used to calculate the lateral InvOLS from the lateral force sensitivity in the shape independent method is dominated by k lat , which is calculated from Eq. (14) and the material properties and dimensions of the cantilever. Here we believe that the disagreement between the methods originates in the calculation of k lat , most probably in the assumption of the bulk value for the Young's modulus of silicon nitride, which is known to vary considerably for thin films, 36 and whose value depends sensitively on the deposition conditions. Using Eq. (15) to calculate k lat from the flexural stiffness, width, and thickness reduces the disparity between the shape independent and thermal InvOLS values (data not shown), but the two methods still do not agree within the experimental error. The only other cantilever in this study with k lat < k tors is AIO cantilever A, for which it was not possible to measure a calibration factor from the shape independent method. As discussed above, this may indicate that large lateral bending gives rise to buckling, resulting in an erroneous calibration factor from the shape independent method.
As expected, SEM imaging of the tips of cantilevers after calibration by the shape independent method revealed significant blunting and damage (Figure 7) , especially for stiffer cantilevers. In these cases, calibration by the thermal method offers the significant advantage of not requiring any contact with the sample surface.
B. Photodiode linearity
It has previously been highlighted that the lateral InvOLS can vary significantly with the position of the reflected laser beam on the photodiode. 16 Due to its speed and simplicity, requiring only a thermal noise spectrum to be captured, the thermal method is ideal for characterizing the photodiode response. In order to measure the variation of the lateral InvOLS, thermal noise spectra were acquired for the first torsional mode of AIO cantilever B at a grid of positions on the photodiode, using the same parameters as described in Sec. III C. The relative position of the laser spot on the photodiode was varied using the photodiode positioning screws. Spectra were collected at 2 V intervals in a raster pattern. At each point, the vertical and lateral deflections remained within ±100 mV of their stated position for the duration of the measurement. The lateral thermal InvOLS was then calculated using a fit of the thermal noise spectrum to Eq. (5), the measured dimensions of the cantilever and the measured temperature. To aid comparison, all lateral InvOLS values shown are normalized to the value measured at the centre of the photodiode, which, for this experiment was 4.52 nm/V.
As can be seen from Figure 8 (a), the measured lateral InvOLS does vary as a function of photodiode position for the instrument, cantilever, and alignment used here. For values within approximately 5 V of the centre, the deviation is less than 2% and may be safely ignored.
For lateral deflections (Figure 8(b) ), the InvOLS is lowest in the centre of the photodiode and rises toward the edges in a parabolic fashion. This behaviour is approximately what is expected for optical lever detection systems, and is due to the approximately Gaussian intensity profile of the laser spot on the photodiode. 37 The photodiode sum signal remained constant throughout the measurement, indicating that the laser spot is not truncated by the edges of the photodiode for the range of values tested. Similar behaviour (though much more pronounced) was observed in Ref. 16 (note that Cannara et al. plot the deflection sensitivity, i.e., the reciprocal of the InvOLS as plotted in Figure 8 of this work).
At vertical photodiode positions away from the centre, there is little variation in the lateral InvOLS. A slight systematic increase with increasing vertical photodiode position may be seen in Figure 8 (c); however, this was not a reproducible trend and has a magnitude of less than 2% for all measurements shown here. The variation in lateral InvOLS as a function of vertical photodiode position is sufficiently small that correction is unlikely to be necessary for friction versus load experiments, where the lateral signal is measured as a function of vertical deflection.
Overall, the value of the lateral InvOLS varies by less than 8% over the full range of both vertical and lateral directions, with the majority of the variation occurring well away from the photodiode centre. The variation of the lateral InvOLS is similar in magnitude to the absolute experimental error on this value (as the linearity measurements were carried out with the same cantilever and laser alignment, the relative error on the measurements in Figure 8 is determined only by the fitting parameters of the thermal noise spectrum, and is <1% for all points) meaning that if large lateral forces are to be measured, or it is necessary to work at positions far from the centre of the photodiode, correction for the variation of the lateral InvOLS is necessary for accurate results. Due to the quick and simple nature of the thermal calibration procedure, a grid of InvOLS measurements (such as that in Figure 8(a) ) may be made before or after an experiment, and the experimental data may be corrected for the measured nonlinearity either in real time or in post processing. Motorized control of the photodiode position (which is implemented on some commercial instruments) would allow this procedure to be automated. It is expected that the linearity of the photodiode is a strong function of the design of the detection system, including the shape of the laser spot reflected from the cantilever; hence it is likely that different instruments and different cantilevers will give significantly different behaviour and this correction should be made on an individual basis.
VI. CONCLUSION
We have performed a quantitative comparison between the thermal noise method for calibrating the lateral InvOLS and the InvOLS calculated from the shape independent lateral calibration method. We find good agreement between the two methods, as long as 3 simple criteria are satisfied:
(1) That the geometry of the cantilever is suitable for calibration by the torsional Sader method. 10 This requires that the cantilever is approximately rectangular and has an aspect ratio of at least 3.
(2) That in-plane bending of the cantilever may either be eliminated or accounted for. 33 (3) That any scaling of the lateral deflection signal between the collection of the lateral thermal noise spectrum and the recording of the lateral deflection in software may be eliminated or accounted for. 25 We note that a recently published version of the flexural Sader method allows calibration of cantilevers of arbitrary shape. 34 Extension of this to torsional modes would eliminate point 1. Point 2 may be addressed by judicious choice of cantilever, with short, wide cantilevers with tall tips minimizing the need for correction for in-plane bending. 33 For experiments in TR mode under relatively weak tip-sample interaction, in-plane bending may also be neglected. 38 Point 3 requires only careful measurement of the AFM system used.
The thermal noise method has the advantage of being quick, simple, and not requiring tip-surface contact. Due to its quick and non-destructive nature it may be easily repeated on multiple occasions and allows easy characterization of the detector response. For this reason the method is attractive, particularly for experiments requiring sharp or chemically functionalized tips 39 or dynamic lateral force experiments.
